Abstract-ZnSnN
Band Edge Positions and Their Impact on the Simulated Device Performance of ZnSnN 2 -Based Solar Cells
I. INTRODUCTION
T HE search for new absorber materials that could surpass the current commercial standards has stimulated research into high performing, earth-abundant compounds, compatible with current deposition techniques used at an industrial scale.
Manuscript received June 9, 2017; revised October 13, 2017; accepted October 22, 2017 . Date of publication December 7, 2017 ; date of current version December 20, 2017 . This work was supported by the U.S. Department of Energy, Office of Energy Efficiency and Renewable Energy, under Contract DEIn this respect, ZnSnN 2 (ZTN) is an excellent candidate. Besides being made of earth-abundant elements, ZTN presents other useful properties, such as suitable band gap [1] , relatively low effective masses for both electrons and holes, and a strong optical absorption. Theoretical studies report on band gap values ranging from 1 to 2 eV depending on the degree of disorder in which the material crystallize [2] , [3] : there is a fully ordered structure, which is orthorhombic and according to density functional theory (DFT) calculations is the ground state, and a fully disordered hexagonal Wurtzite-like structure [4] . Thus, it appears that disorder on the cation sublattice plays a major role in determining the crystallographic properties of the ZTN films, and can be used to tailor the band gap to the desired application such as multijunction solar cells, potentially eliminating the need for alloying [2] . For this reason, substantial effort has been devoted in the literature to achieve control over the degree of disorder in this material [1] , [2] , [4] - [8] . However, the effect of cation disorder on charge carrier transport and recombination processes in ZTN remain unknown, despite the known importance of these effects for other absorbers [9] - [11] .
Despite numerous reports proposing its suitability as an absorber material [5] , [12] , [13] , the only junction reported so far was made of ZTN and silicon and it was characterized in dark [12] . Initial device fabrication has been hindered considerably by the degenerately doped nature of the material in its stoichiometric form. As a result, a substantial fraction of the work performed to date has focused on lowering the intrinsically high carrier concentration, to overcome the limitations of a natively n-type, electrically degenerated material. The outcome of this research has allowed achieving carrier levels suitable for solar cell applications, as summarized in [14] . By using forming gas during the sputter deposition of films, carrier concentrations as low as 4 × 10 16 cm −3 was achieved [8] , well within the range required for photovoltaic applications. However, several other important parameters such as ionization potential (IP), electron affinity (EA), and work function (WF), remain to be determined for ZTN. Knowledge of these quantities will enable device design and wise selection of potential junction partners, thus accelerating the development of functioning solar cells.
In this contribution, we experimentally determine the IP, EA, and WF for ZTN for a given cation composition expressed as Zn/(Zn+Sn) ratio. Based on the alignment of the vacuum levels, suitable p-type junction partners, such as NiO, Mg:CuCrO 2 , 2156-3381 © 2017 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
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and GaN, are identified. For both the n-and p-type parts of the junctions, a device model is built up using both experimental and theoretical (DFT) data. This model is implemented in wx-AMPS, a device-modeling program, to determine the theoretical efficiency of the simulated ZTN solar cells. The correlation between material parameters and solar cell performance metrics is shown.
II. EXPERIMENTAL METHOD

A. Sample Deposition and Characterization
ZTN samples were deposited by RF magnetron cosputtering using a combinatorial approach starting from Sn and Zn metal targets. Prior to each deposition, the chamber was evacuated to pressures below 1 × 10 −6 T to minimize oxygen contamination in the films. Details of the deposition conditions are reported elsewhere [8] . Two sputter guns angled at 45°to the substrate normal created a continuous composition spread of Zn:Sn. Composition was determined using X-ray fluorescence (XRF) spectroscopy, and electrical measurements were performed using Hall effect measurements. Structural characterization was performed by X-ray diffraction (XRD) on the films to assess their phase purity. The data presented in this paper were were determined on crystalline single-phase films. For the p-type partner, Mg:CuCrO 2 films were prepared using the deposition procedure developed by O'Sullivan et al. [15] .
In both cases, the position of the valence band (VB) edge was determined by X-ray photoelectron spectroscopy (XPS) whereas ultraviolet photoelectron spectroscopy (UPS) was performed to determine the WF. Immediately prior to loading into the XPS, ZTN samples were cleaned in diluted HCl (5%-10%) to remove any surface oxide or carbonate that can form upon exposure to air. XRF was repeated after the XPS measurements to ensure the exact composition is reported. For ZTN, Kelvin Probe was used for secondary measurements to confirm the WF value.
B. Device Modeling
Device modeling was performed using the wxAMPS software [16] . Device performance is modeled by solving three basic semiconductor equations: the Poisson equation and the continuity equations for electrons and holes. The current density versus voltage (JV) characteristics, the cell efficiency, the recombination profile, and the quantum efficiency (QE) are determined as outputs of the device model.
The software requires the cell layout and the relative materials parameters to be defined in to order to solve the equations mentioned above. For this work, Mg:CuCrO 2 was assumed as a p-type partner for ZTN (see Fig. 1 ). A summary of all parameters used is reported in Table I . Some parameters, such as the density of states of both p and n type sides of the junctions, carrier mobility for CuCrO 2 and its band gap were held constant throughout the simulations. Other parameters including mobility, tail states, and recombination center characteristics were varied to assess their effects on the device performance.
Densities of states at the conduction band and VB (N C and N V , respectively) were calculated using the effective mass Ideal (see Fig. 2 ) Experimental
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derived from DFT calculations and the Boltzmann distribution. The permittivity was set to 15 and 7.5, respectively, for ZTN [17] , [18] and CuCrO 2 [19] . The ZTN band gap was set to 1.5 eV according to GW theoretical calculations [3] . The starting values for electron and hole mobilities were 0.5 and 0.05 cm 2 V −1 s −1 , respectively, as determined in [8] . Due to the difficulties in measuring hole mobilities for this n-type material, values have been estimated by taking into consideration the measured electron mobility and the ratio between the theoretical effective masses (effective mass for electrons m e = 0.13 m 0 and average band effective mass for holes m h = 1 m 0 ). These initial mobility values were varied in the device model to understand which parameters are crucial for the device performance.
Free electrons and free holes concentrations are calculated by the program based on the concentration of fully ionized donors N d and acceptors N a that the user inputs as initial parameter. Both the Zn off-stoichiometry and the forming gas treatment reduce the carrier concentration by means of compensation. Thus, the carrier concentration assumed is the net difference between the donor density and the acceptor density. To this end, the donor density was set to 1.005 × 10 19 cm −3 and the acceptor density to 1.001 × 10 19 cm −3 , based on preliminary results on equilibrium defect density from ab-initio studies [20] . This corresponds to a net free electron concentration of 4 × 10 16 cm −3 . Densities of states for Mg:CuCrO 2 were calculated based on the effective mass reported in the NREL Materials Database [21] . Absorption coefficient, hole mobility, and concentration were taken from the literature as measured on a sample grown under identical conditions [15] . Electron mobility has been assumed equal to hole mobility. The electron concentration was set to zero for this p-type oxide.
As an initial test, contacts were assumed to be perfectly ohmic. In the wxAMPS software, this is simulated by very large surface recombination velocities (10 7 cm.s −1 ) at the interface between the metal (or TCO) contact and the semiconductors for both holes and electrons and no contact potential between the metal and the semiconductor. About 20% light loss was included to account for the high reflectances at the air/glass/CuCrO 2 interfaces (top surface), whereas a 100% reflectance was assumed for the back contact interface. Detrimental effects on device performance stemming from defect-related nonidealities in the absorber were accounted for in two ways: band tails and recombination due to deep defects.
III. RESULTS AND DISCUSSION
A. Material Characterization
ZTN films with Zn/(Zn+Sn) = 0.56 were deposited on glass substrates and analyzed by both XPS and UPS. In XPS, the zero of the energy scale is equal to the Fermi level of the material (E F ). Moving to higher binding energies, the intensity counts start rising in correspondence to the VB. Thus, the onset of the intensity in Figs. 2(a) and 3(a) represents the position of the VB edges with respect to Fermi levels of respectively ZTN and Mg:CuCrO 2 . For ZTN, this was found to be 1.2 eV below the Fermi level [see Fig. 2(a) ]. Similarly, the WF can be measured by UPS. For these measurements, a He(I) line was used (hv = 21.2 eV). As for XPS, also in UPS, the zero on the binding energy scale corresponds to the Fermi level, whereas the secondary electron edge corresponds to those electrons that had just enough energy to overcome the WF of the material and reach the analyzer. Thus, the difference between the excitation energy (21.2 eV) and the position of the secondary electron cutoff is equal to the WF of the material [22] . For ZTN, the WF determined by both UPS and KP was found to be 4.4 ± 0.1 eV.
The distance between the VB edge and vacuum level is the IP and can be calculated as the sum of VB edge position with respect to the Fermi level (1.2 eV) and WF (distance in energy between the Fermi level and the vacuum level, in this case 4.4 eV). For this specific Zn-composition, IP was found to be 5.6 eV. Using the theoretical value of the fundamental band gap for this material (1.5 eV) [3] , the EA, i.e., the distance in energy between the conduction band edge and the vacuum level, can be calculated as the difference between the IP and the band gap [see Fig. 4(B) ].
The EA of these films were found to be 4.1 eV. If the same quantities are known for the p-type partners, the vacuum levels can be aligned and a suitable junction material can be identified.
The IP and WF of Mg:CuCrO 2 were determined based on the XPS and UPS measurements as reported in Fig. 3 . The position of the VB edge was found to be 0.05 eV below the Fermi level, while the WF was determined to be 5.1 eV. For the UPS measurements, the secondary electron edge of a gold thin film is reported as well. The band gap of Mg:CuCrO 2 films grown under this condition, and using the same deposition system, was determined to be 3.2 eV [15] . This value, along with the measured WF, was used to determine the EA of ∼2 eV. Using the data reported in the literature for GaN [23] , [24] and NiO [25] and experimental data measured on Mg:CuCrO 2 , we aligned the vacuum levels of ZTN with respect to a number of p-type contacts, as shown in Fig. 4(a) . The IP and EA of ZnO, as determined experimentally on a Zn-terminated 0001-oriented sample, are reported for comparison [26] .
We assessed the validity of our ZTN band alignment data by comparing them to the DFT-determined band alignment reported in the literature by other groups at the interface of GaN/ZTN and ZnO/ZTN [27] - [29] . Considering that holes are minority carriers, it is most important to estimate the magnitude of the valence band offset (VBO) between ZTN and GaN. In Fig. 4(a) , we show two different values of IP and EA for GaN, one measured for a 0001-oriented surface [23] and one calculated for the 11-20 surface [24] . Deposition conditions and surface orientation, as well as presence of contaminants at the surface, can affect the absolute value of these quantities. However, in both cases, the valence band maximum (VBM) of GaN is lower than ZTN, in agreement with previous theoretical studies of ZTN/GaN band offsets [27] - [29] . The alignment of the vacuum levels in Fig. 4(a) would suggest a VBO of 1.0-1.3 eV (this value does not take into account any possible band bending at the interface), which is intermediate between those reported originally in [27] (1.9 eV) and [28] (0.39 eV), and very close to the 1.4 eV value recently reported in [29] . We also found that ZTN has a lower CB minimum than GaN, giving rise to a type I rather than type II alignment. As previously mentioned, ZTN has been reported to have a tunable band gap, so at present, it is not possible to rule out completely the possibility of achieving a type II alignment with GaN by engineering the deposition conditions to obtain a larger band gap.
The alignment between the vacuum levels of ZnO and ZTN was reported in previous studies too [27] - [29] . In our case, we used the experimental value for a Zn-terminated polar surface, which is known to have a slightly lower IP than the nonpolar and O-terminated polar surface [22] . In our study, the VB edge of ZTN is 1.6 eV above that of ZnO, again in good agreement with [28] and close to the value of 2.0 eV in [29] . The CB offset between ZTN and ZnO was found to be 0.4 eV, whereas in [28] it was found to be 0.01 eV. The discrepancy (0.39 eV) is comparable to the difference in band gap used in this study (1.5 eV) versus [28] (1.75 eV). We note that the values of IP and EA determined in this contribution are valid for samples exposed to atmospheric gas followed by acid treatment to remove the contaminant formed on the surface. Further analysis is warranted to assess if this procedure reestablishes the value of IP and EA typical of pristine (unexposed) surfaces.
Based on the position of the VB edges, the photogenerated minority carriers (holes) of ZTN will experience a barrier due to spike-type offset caused by the lower VB position of GaN. Mg:CuCrO 2 and NiO represent a slightly better option, having a type II alignment to ZTN. The photogenerated minority carriers will still experience a cliff-offset, but its effect will be less pronounced than the spike-type offset they would encounter at the interface with GaN. Based on this, and based on the fact that the CuCrO 2 lattice is close to that of ZTN (CuCrO 2 : a = 2.97Å, c = 11.40Å, ZTN in the Wurtzite-like structure: a = 3.37Å, c = 5.467Å [7] ), we selected Mg:CuCrO 2 for our device simulation.
B. Device Modeling
Making use of the starting parameters determined experimentally for a ZTN material with Zn/(Zn+Sn) = 0.56, [see Table  I and Fig. 4(b) ], the performance of a solar cell was simulated. It is worth noting that the WF and the position of the VBM with respect to the Fermi level are the quantities determined experimentally, whereas the simulation software uses the EA and the band gap to the determined band alignment between ZTN and CuCrO 2 :Mg. The relationship between these quantities is illustrated in Fig. 4(b) . Also, note that we used the net carrier concentration of 4 × 10 16 cm −3 for these simulations, the value reported in our previous work for the more Zn-rich annealed samples deposited in hydrogen [8] . This was done because the 2 × 10 19 cm −3 value obtained experimentally for the less Znrich films shown in this paper is too high to be implemented in a real solar cell.
It was also noticed that the experimentally measured optical absorption spectrum shows a strong band tail (see Fig. 5 ). If this experimental absorption spectrum is used for the simulation, the QE does not drop to zero for energies below the band gap. This is because the measured absorption in the IR region of the spectrum is interpreted by the simulation software as a source of photocurrent. In reality, this absorption is due to parasitic defects or tail states present in this nanocrystalline material, so it would not lead to significant photocurrent. For this reason, we modeled an idealized absorption spectrum (see Fig. 5 ), whereby the absorption coefficient drops to zero at energies below the band gap. In this way, we obtain a more realistic QE profile. As reported in Table I , in the ideal case of no defects present in the material, ZTN-based solar cell will be capable of high performance (∼23%) even in a single junction device.
The high absorption values in the near-IR region of the spectrum (see Fig. 5 ) are indicative of high defect density present in the material. Depending on their nature and concentration, such defects will hamper the device performance either by trapping the carrier at the band tails (Urbach tails) or by acting as recombination centers at deep defects. Both detrimental effects have been considered in these simulations.
We started with modeling the band tailing effect. In wxAMPS, the valence and the conduction band tail states (g D and g A ) are simulated by an exponential distribution in energy, according to the following equations:
where G AO and G DO are the prefactors, i.e., the band tail density of states per volume per energy, whereas E A and E D are the characteristic energies that determine the slope of their respective tails (see [30] for the detailed description of this parameters). Two situations were simulated: One in which the characteristic energy of the tail is 25 meV, a value comparable to kT, and the second one in which it is 50 meV, both with 10 −16 cm 2 capture cross sections for electrons and holes. These values are within the range of those used to simulate band tails in a-Si [31] , [32] .
The effect of band tail on ZTN-based device performance is shown in Fig. 6 for both the 25 meV case (green diamonds) and the 50 meV (red circles) as a function of the pre-exponential tail factor. One effect of tail state is to trap carriers, which are no longer able to contribute to the photogenerated current. In the case of ZTN, this reduces both the J SC and also the V OC . The reduction in V OC arises from the fact that trapped Fig. 6 . Effect of band tails on the performance of a ZTN-based solar cell. Band tails will limit both the V O C and the J S C , reducing the device's efficiency. charges limit quasi-Fermi level splitting. At low values of defect density, the slope of the tails plays a minor role, whereas at high concentrations, it becomes a crucial parameter. If the tail characteristics for this material are similar to those reported for amorphous Si, the efficiency of the device will be severely reduced, to the point of generating completely nonworking cells. One of the advocated advantages of using ZTN as an absorber material is its more ionic character in comparison to traditional covalent semiconductors. Due to the difference in the ionicity of the bonds, ZTN has been reputed to be more defect tolerant than traditional semiconductors [33] , i.e., the capture cross section for carriers might be smaller. However, to date there are no measured or calculated values for this parameter. Thus, it would be interesting to assess how the band tails will impact the output characteristics of real devices.
In the presence of band tails, the role of minority carrier mobility becomes crucial. We have examined it by fixing the prefactor to a value of 10 20 eV −1 · cm −3 for both cases of tail characteristic energies (25 and 50 meV), and testing the device performance as a function of carrier mobility. In order to keep the simulation realistic, we have increased both the electron and hole mobilities while keeping their ratio constant and equal to the ratio of their respective effective masses. The role of mobility is striking: the higher the mobility, the higher the J SC , fill factor (FF), and overall efficiency of the cell up to hole mobility of 5 cm 2 V −1 s −1 (see Fig. 7 ). A small decrease in the V OC was also noticed as mobility increases. Overall, high minority carrier mobility would limit the problem of trapped charges at the band tails; however, in n-type absorbers, the minority carriers are holes, which are unlikely to have very high mobility.
We also simulated the effect of possible recombination centers on ZTN-based solar cell performance (see Fig. 7 ). To this end, we inserted defects both in the Mg:CuCrO 2 and in the ZTN layer, as it is likely that both will be present. The defect chemistry of the ZTN material is rather unexplored, with only one report on first principles defect calculations [13] . In that study, it was found that acceptor defects have very high formation energies and are thus unlikely to be present in high concentrations. Experimentally, it has been shown that stoichiometry with high Zn content can be deposited, with no trace of secondary phases, and lower carrier concentration of electrons in comparison to the pure stoichiometric films [8] , [34] . Thus, excess Zn can be incorporated as an acceptor defect, possibly due to the high nonthermodynamic conditions of the synthetic route used to produce this material. Among the acceptor defects, zinc on tin sites (Zn Sn ) have the lowest formation energy and the transition level is 0.6 eV above the VBM for the band gap value adopted for the calculations (1.8 eV). If present, this defect could act as a recombination center.
In our ZTN/Mg:CuCrO 2 device simulations, we included ZTN recombination centers as acceptor-type defects, having a characteristic energy 0.65 eV above the VBM. We used moderate capture cross sections for electrons (10 −15 cm −2 ) and larger cross sections for holes (10 −12 cm −2 ), values comparable to those used in Cu(Ga, In)Se, for example [35] . Two different ZTN defect densities were tested: 10 14 cm −3 and 10 15 cm −3 , which are two orders and one order of magnitude lower than net carrier density, respectively. For Mg:CuCrO 2 , we included an acceptor-type of defect at energy 1.6 eV above the VB maximum, having capture cross section of 10 −15 cm −2 and 10 −12 cm −2 for, respectively, electrons and holes. The density of these defects was fixed at 10 17 cm −3 . Different mobility values were tested, similarly to the study of band tails.
The results of the simulations indicate that increasing the ZTN defect density for a given mobility will reduce both the J SC and V OC , thus reducing the efficiency (see Fig. 7 ). Low mobility will mainly have a detrimental effect on the J SC , which is substantially reduced. V OC only marginally increases at lower mobility. Overall, the presence of recombination centers will limit the performance of the cells. Both for the case of band tail and recombination centers, the role of holes as minority carrier is very important: unlike commonly used CIGS or CdTe absorbers, where electrons as minority carriers have large mobility, for ZTN devices holes are the minority carrier and they have a much lower mobility. This means that the detrimental effects of either deep defects or band tails will be even more impactful in this material.
Finally, we analyzed the effect of the band position on the solar cell performances. We showed in Fig. 4 that materials with either higher or lower VB edges are possible p-type junction partners for ZTN.
For these reasons we investigated the influence of the VB edges on the performance of the solar cells. To decouple the effect of the band edges from that of any other parameter, we kept all the parameters of ZTN and Mg:CuCrO 2 constant and we increased the EA of CuCrO 2 from an initial value of 2.0 eV, as determined experimentally, to 2.8 eV in steps of 0.1 eV. We investigate the effect of band edges position in two limiting cases: 1) for a cell limited by band tail effects on ZTN (characteristic energy 25 meV, prefactor 10 20 eVcm −3 ) and 2) for a cell limited by recombination defects (same capture cross sections and defect energy as described above, defect density in the ZTN layer of 10 15 cm −3 ). Because the band gap of CuCrO 2 was kept constant at a value of 3.2 eV, an increase of the EA from 2.0 to 2.8 eV directly translates in an equivalent increase of the IP from 5.2 to 6.0 eV. This change in the IP will lead to the change from a cliff-type offset to spike-type offset at the ZTN/Mg:CuCrO 2 interface, as defined in Fig. 8(a) . Both offsets can be detrimental for the device performances, the first by limiting the maximum achievable V OC , the second by constituting a barrier for extraction of minority carriers.
The results of the device simulations as a function of the IP are shown in Fig. 8(b) . For both limiting cases, starting from an IP of 5.2 eV and lowering the VB edge of the p-type contact down, so that the IP increases up to 5.5-5.6 eV, would produce slightly more efficient cells. This increase is due to an improvement in the V OC and J SC resulting from the lower cliff-offset at the interface between Mg:CuCrO 2 up to an optimal value of IP of 5.5 eV for limiting case 1 and 5.6 eV for limiting case 2.
Further increasing the IP will reduce the efficiency of the cells if Mg:CuCrO 2 is used as a p-type partner, because a spike-like offset will form. Ultimately, at larger EA and IP (beyond 2.4 and 5.6 eV, respectively), the extraction of carriers is no longer favorable and the JV curve shows both lower J SC and lower FF (see Fig. 8 ).
This cliff/spike trend is opposite to what is established for Cu(In,Ga)Se 2 and other p-type thin film absorbers [36] . The origin of this difference is not clear and would require further investigation. The difference between the JV-curves of a junction having optimized versus nonoptimized band alignment is illustrated in Fig. 9 for the two limiting cases described above.
IV. DISCUSSION
The IP and EA were determined experimentally for ZTN films. To date, only theoretical (DFT) data for these properties were available [27] - [29] . Based on experimental data we show that GaN forms a type I band alignment with ZTN whereas other p-type transparent conducting oxides (TCOs), such as Mg:CuCrO 2 or NiO, form a type II alignment. Optoelectronic properties of p-type GaN are better than those of Mg:CuCrO 2 or NiO, as the former has higher carrier mobility and higher transmittance than the latter two p-type TCOs. However, the spike-type offset present at the ZTN/GaN interface for the minority holes is extremely pronounced, which is far from ideal for a potential junction partner. For this reason, we performed our ZTN device simulations using Mg:CuCrO 2 as a junction material.
In our ZTN/Mg:CuCrO 2 simulation, we considered two types of defects in ZTN layers: recombination centers, and band tails, whose presence is strongly suggested by the pronounced tail present in the absorption spectra. Recombination centers in ZTN appear to be a problem if their concentrations are close to the net carrier density, or if such defects have very large capture cross sections. Instead, band tails might be a problem for ZTN devices if present with density of states and capture cross sections similar to those encountered in a-Si, due to the low mobility of holes (minority carrier). Indeed, in both cases, simulations show that larger mobility of the photogenerated minority carriers could mitigate these effects. However, for an n-type absorber, the minority carriers are holes, which have a significantly lower mobility than electrons. The studies on both band tails and on recombination centers highlight the importance of maximizing hole mobility.
To date, the role of disorder in ZTN has been mainly studied as a parameter for tuning the band gap. However, as a future direction, it will be crucial to assess how disorder affects both the band tail parameters and the hole mobility. In particular, it would be important to know if disorder has a negative impact on enhancing tails states and/or reducing the hole mobility. These two effects might counterbalance any advantage arising from using disorder for tuning the band gap. Present simulations are based on capture cross sections typical of a-Si:H. In the future, it will be important to assess whether these values hold for ZTN as well, or if lower or higher values should be used instead. The latter will crucially depend on whether or not ZTN is a defect-tolerant material [37] .
V. CONCLUSION
In this paper, we experimentally determined the IP and EA of ZTN for a given Zn cation fraction (0.56). Based on these values, the band alignment of ZTN and of a number of potential p-type junction partners was determined. Device simulations based on experimental and theoretical parameters show that if no defects or band tails are present, ZTN can lead to efficient solar cells. The presence of band tails is already suggested by the high absorption coefficient in the IR region of the experimentally measured absorption spectrum.
Simulations using the values of capture cross section for a-Si show that this type of defect can severely hinder the performance of the device, especially in a situation where the photogenerated minority carriers (holes) are expected to have low mobility.
Recombination centers can also severely reduce the efficiency of the cell, if their concentration reaches levels comparable to the net carrier densities. In this contribution, we simulated the presence of the two type of defects separately, however, we cannot exclude that both tail states and recombination centers could be present at the same time. For given values of carrier density and mobility of the p-type junction partner, cliff-type offsets have a minor impact on the device performance; however, spike-type offsets were found to cause poor device performance due to poor collection of photogenerated minority carriers.
